Abstract-This paper presents a wireless sensor interrogator design based on frequency modulation spectroscopy (FMS). The wireless sensor interrogator is capable of wireless detection and tracking of the resonant frequency of a passive inductor-capacitor circuit. The wireless interrogator has been successfully simulated and implemented in hardware. Compared to other wireless sensor interrogation techniques, FMS enables not only detection, but also tracking of the sensor's changing resonant frequency over time.
I. INTRODUCTION

R
ESONANT frequency sensors employing electrical resonance circuits have been used in sensing systems for many years [1] - [6] . Various physical parameters such as temperature, pressure, and force can be measured. Passive-resonant-frequency sensors directly convert the environmental parameter to a change in resonant frequency. Therefore, many techniques have been developed to detect and monitor the resonant frequency of the passive sensor.
A simple technique to detect the resonant frequency of a sensor is direct energy absorption. With this technique, a single frequency sine wave is transmitted to the sensor and the energy of the received signal is measured. The frequency of the sine wave is incremented and the process is repeated until the full frequency response is determined. After multiple frequencies have been transmitted and received, then the frequency of maximum absorption is taken as the resonant frequency of the sensor.
Another technique for determining the resonant frequency of a passive sensor is to use a spectrum or network analyzer. This allows the resonant frequency of an LC sensor to be determined by the peak in the magnitude response or the corresponding change in phase.
This paper begins with a summary of important parameters for passive-resonant-frequency sensors. Frequency modulation spectroscopy, the interrogation technique used in this design, is briefly reviewed. Simulation results are presented, followed by a description of the experimental setup and presentation of results. The paper concludes with a discussion of the results and the benefit of using frequency modulation spectroscopy in the wireless sensor interrogator design.
A. Passive, Resonant-Frequency Sensors
Consider a passive sensor that consists of an inductor-capacitor (LC) circuit. The parallel LC circuit has a unique electrical resonance. The key figures of merit for electrical resonators are the resonant frequency and the quality factor. The resonant frequency of the sensor LC circuit is
The quality factor ( ) is related to the resonant frequency and the dB bandwidth ( ) by (2) The resonant frequency of the sensor is designed to change with changes in the physical parameter that is being sensed. The quality factor and the resonant frequency of the sensor determine how much frequency spectrum the resonance of the sensor will occupy. The frequency resolution that can be obtained using frequency modulation spectroscopy is dependent upon the quality factor of the electrical resonance of the sensor. Also, the number of sensors that can occupy a given frequency spectrum without interfering with each other depends on how much the resonant frequency of the sensor changes with the physical parameter and the quality factor of each sensor resonance.
B. Passive, Resonant-Frequency Sensor Interrogation Technique
Passive-wireless sensors produce weaker signals than active sensors, so the sensitivity of the resonant frequency detection scheme is important. Sensitivity limits for the detection of these weak signals depend on the power of the transmitted signal, the energy absorption of the sensor, the sensitivity of the receiver, and the noise in the system. Most environmental noise sources 1530-437X/$26.00 © 2010 IEEE (interference) can be mitigated by using modulation techniques. Frequency modulation spectroscopy (FMS) is a highly sensitive measurement technique that has been used in optical measurement experiments for many years [7] - [12] . A contribution of this paper is the application of FMS using electronic means rather than optical means.
Many techniques have been developed to detect the resonant frequency of a passive sensor. In order to monitor the physical parameter, it is desirable not only to be able to detect the resonant frequency of the sensor, but also to track changes in the resonant frequency of the sensor over time. To enable the capability of locking to the resonant frequency of a passive sensor and tracking the resonant frequency over time, a wireless interrogator design was created and is presented in Section III. The sensing technique employed in this design is taken from the field of optics and is called frequency modulation spectroscopy (FMS) [7] . FMS is a sensitive method of optical heterodyne spectroscopy. The theory of FMS is applied to a nonoptical design of a wireless sensor interrogator. Section II presents a brief overview of FMS.
II. OVERVIEW OF FMS
FMS is a sensitive measurement technique based on changes in amplitude and phase of the frequency components of a frequency modulated (FM) signal. Fig. 1 shows the typical experimental setup for FMS.
The adjustable frequency oscillator in Fig. 1 has the sinusoidal output (3) where is the adjustable frequency and is the amplitude of the sinusoidal signal . The constant frequency oscillator in Fig. 1 has the sinusoidal output (4) where is the constant frequency and is the amplitude of the sinusoidal signal . Both of these signals are input to the FM modulator block in Fig. 1 to form the transmitted FM signal (5) where is the frequency deviation constant. The constant in front of the term is the frequency modulation index [13] (6)
Combining (5) and (6) gives (7) Using Euler's relation, taking the Fourier series, and recognizing the Bessel function of the first kind, (7) can be written as (8) where is the Bessel function of the first kind of order . The amplitude of the frequency components of the transmitted FM signal vary with . contains all frequencies of the form for . The product of the amplitude of the carrier, , and the amplitude of the first sidebands,
, plays a significant role in FMS [7] . This product is maximized when is set to 1.08.
Analysis of shows that the amplitudes of the higherorder terms are negligibly small when compared with the carrier and first sidebands . Thus, the transmitted FM signal can be considered to consist of a strong carrier and two weak sidebands, therefore, only the terms corresponding to the lower sideband, the carrier, and the upper sideband need to be considered [7] .
The FM signal is transmitted wirelessly while ramping the carrier frequency, , through the frequency range containing the resonant-frequency of the passive sensor. The ramped FM signal inductively couples to the passive resonant-frequency sensor. The sensor absorbs energy from the transmitted FM signal near the sensor's resonant frequency. The sensor affects both the amplitude and phase of the three frequency components of the transmitted FM signal . It is useful to define the sensor transfer function as a frequency component dependent amplitude attenuation and phase shift. As shown in (9), , is the frequency component dependent transfer function of the sensor.
is the amplitude attenuation of the th frequency component due to the sensor, and is the phase shift of the th frequency component due to the sensor (9) After the transmitted FM signal passes through the sensor, the received signal is (10) The received signal then passes through the square-law device. The output of the square-law device is the magnitudesquared of the input,
. For a passive LC sensor, the amplitude attenuations and phase shifts due to the sensor are weak, therefore , , and are all and the terms containing these quantities can be ignored. Also, all of the terms of containing can be low-pass filtered out. The output of the square-law device can be written as (11) If the modulation frequency, , is chosen to be large compared to the spectral feature of interest, then the spectral feature or resonant-frequency sensor can be probed by a single sideband. In this case, the amplitude attenuations and phase shifts experienced by the carrier and lower sideband remain almost constant. If we let and , where and are constant background amplitude attenuation and phase shift, respectively, then (11) can be rewritten as (12) where and are the changes from the constant background amplitude attenuation and phase shift. The cos and components of the heterodyne beat signal have amplitudes that are, respectively, proportional to the absorption and dispersion from the spectral feature of the passive-resonant-frequency sensor. Note that in the absence of any sensors, the output heterodyne beat signal is zero. This can be viewed as the perfect cancellation of the signal arising from the upper sideband beating against the carrier with the signal from the lower sideband beating against the carrier. The inherent high sensitivity of this sensing technique to amplitude or phase changes experienced by the probing sideband arises from the disturbance of this perfect cancellation.
To reiterate, the amplitude of the in-phase component of the heterodyne beat signal is proportional to the absorption induced by the LC sensor and the amplitude of the quadrature component of the heterodyne beat signal is proportional to the dispersion induced by the LC sensor. The heterodyne beat signal is then passed through a mixer to output a DC signal. The phase adjuster shown in Fig. 1 is used to adjust the phase of the single frequency oscillator signal mixed with the heterodyne beat signal. Depending on the phase shift of the phase adjuster, either the absorption output signal or the dispersion output signal can be obtained.
The LC sensor transfer function, absorption output signal and the dispersion output signal are shown in Figs. 2-4 .
The wireless interrogator design presented in this paper uses FMS to lock onto the resonant frequency of a passive-resonant-frequency LC sensor by using the dispersion output signal to adjust the carrier frequency, , of the adjustable frequency oscillator shown in Fig. 1 . The dispersion output signal (Fig. 4) is used to detect the resonant-frequency since it always has a sharp, well defined zero-crossing at the time corresponding to The effective portion of the dispersion output signal, which is useful for detecting the resonant frequency of the sensor, is limited to the nearly linear region near the negative-slope zerocrossing portion located near time step 100 in Fig. 4 . Within this linear region, the wireless sensor interrogator is able to lock onto the resonant-frequency of the passive-resonant-frequency LC sensor and track changes in the resonant-frequency over time.
III. WIRELESS SENSOR INTERROGATOR DESIGN
The wireless sensor interrogator design shown in Fig. 5 uses the highly sensitive FMS sensing technique presented in Section II. A direct digital synthesis (DDS) programmable signal synthesizer (AD9851) is used to generate the highly accurate and controllable carrier frequency of the transmitted FM signal. The frequency modulator is a modified phase-lock-loop (PLL) design that injects the modulation signal from the signal generator onto the control voltage of the voltage-controlled-oscillator (VCO) in the PLL. The output of the frequency modulator is transmitted to the passive-resonant-frequency LC sensor using a commercially available coil loop antenna (Select-A-Tenna 541-M). The low and unpredictable power level of the received signal r(t) is amplified using automatic gain control (AGC). The next step in FMS, as shown in Fig. 1 , is a square-law device. In this design, an analog multiplier was chosen to perform the square-law function. Both inputs to the analog multiplier are fed by the output of the AGC amplifier to produce the desired squared output.
The output of the square-law device contains numerous frequencies due to the many cross-products. Analysis shows that carefully filtering the output of the square-law device and then amplifying the filtered output, as shown in Fig. 5 , will yield the desired result. The signal of interest is a voltage signal with a frequency near the modulation frequency, , which was chosen to be 40 kHz.
The output of the 60 dB voltage amplifier and the phase shifter are input to a mixer. The mixer is a passive, double-balanced mixer from Mini-Circuits (ZAD-6) chosen for its good isolation between ports and low power loss. The output of the mixer contains frequency components near DC and at twice the modulation frequency ). A low-pass filter removes the frequency components occurring at . The output of this low-pass filter is the dispersion output signal shown in Fig. 4 .
In order for the wireless sensor interrogator to lock onto and track the resonant frequency of a passive sensor, a feedback scheme must be used to control the adjustment of the transmitted carrier frequency. The output dispersion signal shown in Fig. 4 is used to generate three feedback signals: LOCK, increment (INC), and decrement (DEC). The detection levels for generating these three feedback signals are shown in Fig. 6 .
The LOCK feedback signal is used to stop the frequency sweep of the carrier frequency fc of the transmitted FM signal. If the frequency sweep is stopped somewhere within the linear region of the negative-slope zero-crossing of the dispersion signal, then the INC and DEC feedback signals can be used to adjust the carrier frequency of the transmitted FM signal until it matches the resonant frequency of the LC sensor. The three feedback signals are generated using voltage comparators, adjustable reference voltages, and simple digital logic circuitry as shown in Fig. 5 and discussed below.
The LOCK feedback signal is generated using two comparators and some digital logic components. The first comparator is used to detect when the output dispersion signal exceeds a predetermined threshold called the positive detection threshold. The first comparator detects the start of the output dispersion signal. The second comparator then detects when the carrier frequency of the transmitted FM signal matches the resonant frequency of the sensor. The LOCK signal generation is sequential, that is, the first comparator must trigger before the digital logic circuitry checks the second comparator output.
The remaining two feedback signals, INC and DEC, are generated in a similar manner to each other. The INC feedback signal is generated by comparing the output dispersion signal with a predetermined positive error threshold. When the output dispersion signal is larger than the positive error threshold, then the carrier frequency of the transmitted FM signal is less than the resonant frequency of the sensor, and the carrier frequency should be increased or incremented. Similarly, the DEC feedback signal is generated by comparing the output dispersion signal with a predetermined negative error threshold. When the output dispersion signal is less than the negative error threshold, then the carrier frequency of the transmitted FM signal is greater than the resonant frequency of the sensor, and the carrier frequency should be decreased or decremented.
A microcontroller closes the feedback loop. The microcontroller programs the DDS IC through a serial peripheral interface (SPI). Using the feedback signals, the microcontroller is able to control the carrier frequency of the transmitted FM signal by loading the internal registers of the DDS IC. This enables close tracking of the sensor's resonant frequency.
In addition to the SPI connection to the DDS IC, there is a serial port connection from the microcontroller to a personal computer (PC) to enable user control of the wireless sensor interrogator and for data transmission. The wireless sensor interrogator is controlled exclusively through a graphical user interface (GUI) created in MATLAB. This allows the user to easily start a frequency sweep, stop a frequency sweep, continue scanning to the next sensor after locking onto a sensor, and collect data. On command, the microcontroller delivers the transmitted FM signal carrier frequency data into a MATLAB data file for postprocessing and/or graphing.
IV. RESULTS
The wireless interrogator design presented in Section III utilizing frequency modulation spectroscopy was first simulated in MATLAB's Simulink and then built in hardware. The simulation results corresponded well with the FMS theory. The next step was to develop hardware based on the design. The hardware implementation results validated the functionality of the design and compared well with the simulation results. The simulation results and the hardware results are presented below.
A. Simulation Results
To validate the theory and explore characteristics of the wireless sensor interrogator design, we developed a complete model in MATLAB Simulink that included an LC sensor model. The results of running a frequency sweep simulation are shown in Figs. 7 and 8 . The LC sensor model has a resonant frequency of 1000 kHz and a quality factor of 10. Fig. 7 is a plot of the transmitted signal carrier frequency data. Fig. 8 is a plot of the dispersion signal.
The wireless sensor interrogator model successfully locks onto the resonant frequency of the LC sensor model. Fig. 7 shows the carrier frequency starting at about 800 kHz and sweeping up to 1000 kHz where it automatically locks onto the resonant frequency of the LC sensor model. Fig. 8 shows the first half of the dispersion signal and then the continuing (nearly constant) output when the interrogator model is locked onto the resonant frequency of the sensor model. When the wireless sensor interrogator model is locked, the carrier frequency of the transmitted FM signal matches the resonant frequency of the LC sensor model.
B. Hardware Results
Next, the wireless sensor interrogator design, shown in Fig. 5 , was implemented in hardware. Circuit topologies were created and developed for each of the blocks for the wireless sensor interrogator design. Printed circuit boards for the transmitted signal generation and the received signal processing portions of the design were designed, fabricated, populated, and tested. These are shown in Figs. 9 and 10 .
The power consumption of the printed circuit board of the transmitted signal generation portion of the hardware implementation was approximately 200 mA from a V power supply, or 3 W. This includes the power consumption of a power amplifier and the transmit antenna. The power consumption of the printed circuit board of the received signal processing portion of the hardware implementation was approximately 150 mA from a V power supply and 50 mA from a V power supply, or 1 W. It should be noted that the hardware implementation is an experimental setup using lab-bench power supplies for the purpose of demonstrating the functionality of the sensing technique. No attempt was made to minimize power consumption.
The results of running a frequency sweep experiment on the hardware implementation of the wireless sensor interrogator design with a wireless LC sensor are shown in Figs. 11 and 12 . The hardware version of the wireless LC sensor has a resonant frequency of 1010 kHz and a quality factor of 10.
The frequency sweep test shows that the hardware implementation of the wireless sensor interrogator locks to the resonant-frequency of the wireless LC sensor. Fig. 11 shows the carrier frequency starting from about 800 kHz and sweeping up to and locking onto the resonant frequency of the wireless LC sensor. Fig. 12 shows the first half of the dispersion signal and then the continuing output when the interrogator is locked to the resonant frequency of the wireless sensor. When the interrogator is locked, the carrier frequency of the transmitted FM signal is the same as the resonant-frequency of the wireless sensor.
With the wireless LC sensor, the interrogator is functional, but experimental exploration showed that the antenna resonances affect the quality of the dispersion signal, resulting in slightly degraded measurement accuracy. Thus, care must be taken to ensure that the resonance of the antenna is not too close to the resonant frequency of the sensor.
V. CONCLUSION
The design of a wireless sensor interrogator based on a sensitive measurement technique called frequency modulation spectroscopy is presented. The design was first simulated in MATLAB Simulink and then built in hardware. The simulation and hardware results are both presented and these results compared favorably and verified the successful functionality of the design. This design provides significant improvements over past systems, which are the ability to lock onto the resonant frequency of a sensor and track the passive resonant frequency as it changes over time, with highly accurate tracking resulting from employing the FMS sensing technique.
Future work might include modeling the effects of the resonance of the transmit and receive antennas in MATLAB Simulink and modifying the hardware implementation to mitigate these effects. Another extension of this work would be to couple a mechanical resonance with the electrical resonance of the sensor. A mechanical device, such as a quartz-crystal, could be integrated with a parallel LC circuit to create a new passive, resonant frequency sensor. A piezoelectric material, such as quartz, could couple the mechanical and electrical resonances. The FMS sensing technique could then be used to lock onto the mechanical resonant frequency of the new sensor.
